INTRODUCTION
Influenza A viruses exist in harmony with their natural hosts, wild aquatic birds, which are primordial reservoirs containing a gene pool of all influenza A virus subtypes. Until now, 16 HA and 9 NA subtypes of avian influenza viruses (AIV) have been described. At least 103 of the possible 144 type A influenza virus HA-NA combinations have been found in wild migratory birds. Transmission of these viruses to new hosts, including domestic gallinaceous poultry, seals, whales, horses, swine, and humans, causes adaptive changes, leading to the establishment of infection. Adaptation to domestic poultry species is seen most frequently (Webster et al., 1992; Fouchier et al., 2005; Alexander, 2007) .
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chicken and various influenza viruses of migratory birds (Song et al., 2008) . The Indus Flyway (green route), being the international migratory bird route number 4, is important because of the diverse species and large number of birds that take this route from Siberia to various destinations in Pakistan (Shirazi, 2010) . A huge variety of migratory bird species (waterfowl, crane, teal, pintail, and mallard) from Europe, central Asian states, and India use it to come to Pakistan every year.
Pakistan has been experiencing outbreaks of highpathogenic and low-pathogenic AIV since 1995, and the AIV subtypes reported so far include serotypes H7N3 (Naeem and Hussain, 1995) , H9N2 (Naeem et al., 1999) , and H5N1 (Naeem et al., 2007) . The poultry industry of Pakistan faced a huge economic blow from the multiple waves of low-pathogenic avian influenza (LPAI) and high-pathogenic avian influenza (HPAI) outbreaks, during which time a nationwide AIV surveillance and vaccination strategy was successfully employed (Naeem and Siddique, 2006) . The HPAI outbreaks of H5N1 were eventually controlled in July 2008. During the routine surveillance referred to above, AIV subtype H3N1 of low pathogenic potential was isolated for the first time from a group of four 1-yr-old domestic chickens from the northern areas of Pakistan in March 2010. This report describes the whole genome sequencing of this virus in order to determine its evolutionary status.
MATERIALS AND METHODS

Isolation and Identification of H3N1
During the routine surveillance of influenza viruses in Pakistan, a few clinical specimens of cloacal swabs were received from a group of four 1-year-old domestic chickens with mild respiratory symptoms from the location of Azad Jammu and Kashmir (AJK). The samples were subjected to virological evaluation by inoculating 9-d-old embryonated chicken eggs, as described by Senne (1998) . The subtype identification of the isolated virus was carried out through standard hemagglutination, hemagglutination inhibition (HI), and neuraminidase inhibition (NI) tests (WHO, 2005; Beard, 1980) .
Intravenous Pathogenicity Index
Intravenous pathogenicity testing for the isolated AIV H3 was carried out using standard protocols (Alexander 2004) , whereby a group of 10 chicks (6 wk of age) were infected with an appropriate virus dilution in physiological saline. The infected birds were examined for disease signs and daily mortality to calculate the intravenous pathogenicity index.
RNA Extraction and Genome Sequencing
Viral RNA from the samples (swab solutions, allantoic fluid) was extracted using a QIAamp viral RNA mini kit (52906, Qiagen Inc., Valencia, CA). A 1-step reverse transcriptase (RT)-PCR was performed with a Genamp 9700 thermal cycler (Applied Biosystems, Foster City, CA) using a One Step RT-PCR kit with platinum Taq (10928-042, Invitrogen, Carlsbad, CA) and sequencespecific primers. The appropriate PCR products were subsequently excised from the gel and purified using a Qiagen gel extraction kit (28706, Qiagen Inc.).
The purified PCR products were used directly for cycle sequencing following the BigDye Terminator v3.1 cycle sequencing kit protocol (4336915, Applied Biosystems). The products of the sequencing reactions were purified using a Performa Ultra 96-well kit (4050207, Edge BioSystems, Gaithersburg, MD), and later they were sequenced using a 4-capillary ABI Prism 3130 Genetic Analyzer (Applied Biosystems). The consensus sequences (contigs) were generated using SeqScape software version 2.6 (Applied Biosystems).
Phylogenetic Analysis
To determine the evolutionary relationship of the Pakistani AIV H3N1, its full gene sequences were subjected to a BLAST using the NCBI website (http:// blast.ncbi.nlm.nih.gov/Blast.cgi). As a result of this analysis, the representative sequences of the viruses were selected based on sequence identity from GenBank. Furthermore, the phylogenetic and molecular evolutionary analyses were conducted using MEGA version 4.0 (Tamura et al., 2007) . In addition, alignments for all 8 genes of H3N1 were performed using ClustalW (Higgins et al., 1996) . The phylogenetic trees were generated using a neighbor-joining analysis in the MEGA program (version 4.0). The whole genome sequences obtained from this study were submitted to GenBank under accession numbers HQ165993 to HQ166000.
Determination of AIV H3N1 Seroconversion
From each of the 6 geographical regions, approximately 1,000 sera were randomly selected from the samples collected through routine surveillance of avian influenza among flocks not vaccinated for avian influenza (both commercial and domestic poultry). The sample size was 994 from AJK, 995 from Blochistan, 999 from Sindh, 990 from Punjab, 993 from Islamabad Capital Territory (ICT) Islamabad, and 995 from Khyber Pakhtoon Khawa (KPK) regions. These sera were tested for the presence of AIV H3 antibodies using HI protocol as described elsewhere (WHO, 2005; Beard, 1980) .
RESULTS AND DISCUSSION
The National Reference Laboratory for Poultry Disease (NRLPD) in Islamabad confirmed the first isolation of LPAI H3N1 from domestic poultry in March 2010. Detailed phylogenetic analyses and molecular characterization of 8 gene segments of the AIV isolate H3N1 were carried out in order to track the evolutionary status of the virus. For a complete picture of the evolutionary analysis, the Pakistani H3N1 virus was also compared with the earlier reported Pakistani H7N3, H9N2, and highly pathogenic H5N1 viruses. Comparison with H3N2, H1N1 human isolates, and corresponding H3N1 swine isolates was also carried out. Moreover, seroconversion against AIV H3 from randomly selected routine surveillance serum samples was evaluated.
Seroconversion Against AIV H3
Seroconversion was determined against AIV H3 in non-AIV-vaccinated commercial and domestic poultry from various geographical regions of Pakistan. These geographical areas included the 4 provinces of Pakistan (Sindh, Balochistan, KPK, and Punjab), ICT, and AJK state. The seroconversion in the domestic poultry of Balochistan and AJK was found at the highest percentage. Out of the 494 and 491 serum samples, 72 (14.57%) and 68 (13.85%) positive samples were found from Balochistan and AJK regions, respectively. Furthermore, samples from the areas of AJK and Balochistan showed the highest seroprevalence of AIV H3N1 among commercial poultry by showing 96 (19.09%) and 88 (17.56%) positive sera from the 503 and 501 samples, respectively. In the case of the KPK and Sindh regions, 37 out of 488 (7.41%) and 24 out of 499 (4.81%) samples from domestic poultry were found seroconverted against AIV H3, respectively. Whereas out of 496 and 500 sera from the commercial poultry of KPK and Sindh provinces, 84 (16.94%) and 55 (11.0%) samples showed seroconversion against H3, respectively ( Figure 1 ; Supplemental Tables S1 and S2; available online at http://ps.fass.org/content/vol91/issue1/) In the case of the ICT areas, out of the 487 domestic and 503 commercial poultry sera, 15 (3.08%) and 46 (9.09%) samples showed seroconversion, respectively. Interestingly, in the case of Punjab province, no seroconversion was observed out of 500 commercial and 490 domestic poultry serum samples. One of the explanations could be the nonexistence of major water reservoirs or birding sites in the Punjab region (Figure 1 ; Supplemental Tables S1 and S2; available online at http://ps.fass. org/content/vol91/issue1).
In terms of HI antibody titers in seropositive cases, the level of seroconversion ranged from 2 to 512 in commercial poultry of AJK, Balochistan, and Sindh regions, and the same was observed in domestic poultry in the ICT area. However, HI titers ranged between 2 and 128 in sera collected from commercial poultry in the regions of ICT and KPK, and domestic poultry in AJK, Balochistan, and KPK provinces. In the case of domestic poultry sera from Sindh province, the HI titers ranged between 2 and 16.
The data presented here reflect a high seroprevalence of AIV H3 in the Balochistan and AJK areas, followed by the KPK province. These results indicate high rates of seroprevalence from ecological zones of Pakistan where geographical proximity and attractive birding sites provide opportunities for frequent movements of wild and migratory birds, resulting in their intermingling with local domestic and commercial poultry.
Sequence and Phylogenetic Analysis
Sequence and phylogenetic analyses revealed that there was no close relationship between the newly isolated AIV H3N1 and the previously isolated LPAI H9N2 and HPAI H7N3 and H5N1 from Pakistan. The HA gene of Pakistani H3N1 phylogenetically clustered with the isolates from Norway and Sweden. More specifically, this isolate showed the highest nucleotide sequence similarities (96.1 and 95.9%) with A/duck/Norway/1/03(H3N8) and A/Mallard/ Sweden/50/02(H3N8), respectively. A sequence similarity range of 95.2 to 95.6% was observed with a few other H3 influenza isolates from European countries, but the sequence identity range with the viruses from Asian countries was 90.1 to 95.3%. The NA gene showed the highest nucleotide sequence identity (98.1%) with A/ aquatic bird/India /NIV-17095/07(H11N1). The maximum sequence homology with the other AIV H3N1 from Asian countries ranged between 77.9 and 94.1%. The least sequence homology was observed with swine isolates. In the case of the N1 gene, the highest sequence similarity range of 91.6 to 96.9% was observed with the N1 genes of Asian origin, whereas the sequence identity range with the influenza viruses of European origin ranged between 87.1 and 94.9% (Figures 2, 3 Table S3 ; available online at http:// ps.fass.org/content/vol91/issue1).
The PB1 gene showed the highest sequence similarity (98.4%) with the A/aquatic bird/India/NIV-17095/07(H11N1), and (97.6%) similarity with the Avian/Japan/8K10129/08 (H3N8). The PB1 sequence was found to be 97.1% identical to an African AIV Avian/ Egypt/920431/2006 (H9N2). This gene was phylogenetically clustered with Asian and then European influenza isolates. The PB2 gene was closely clustered with influenza isolates of Asian origin by showing a maximum of 98.3 and 98.0% sequence similarity with isolate A/garganey/Altai /1213 / 07 (H5N2) and A/ environment/Dongting-Lake/Hunan/3-9/07(H10N8), respectively. In addition to these 2 influenza isolates of Asian origin, some other European and African isolates were found to be in a close sequence similarity with the Pakistani H3N1 isolate (Table 1; Supplemental Figures  S5 and S6; Supplemental Table S3 ; available online at http://ps.fass.org/content/vol91/issue1).
Based on the above presented sequence and phylogenetic analyses, although it appears to be difficult to predict the probable ancestors for this newly isolated influenza virus, the maximum nucleotide sequence homologies of this Pak-H3N1 isolate with other available AIV strains reflect that this isolate is possibly another reassortment, as reported on several occasions in the past in different parts of the world (Webster et al., 1992; Horimoto and Kawaoka, 2001 ) as well as in Pakistan (Iqbal et al., 2009; Abbas et al., 2010) . However, on the basis of the sequence data presented here, the main probable progenitor is the African isolate Avian/ Egypt/920431/2006 (H9N2) or the Asian isolate A/ aquatic bird/India /NIV-17095/07(H11N1), with 5 and 4 internal genes, respectively, closely related to this new Pakistani H3N1 isolate. Based on sequence and phylogenetic analyses, involvement of at least 3 distinct isolates could be the progenitors of the Pakistani H3N1. Furthermore, as only the Indian H11N1 isolate is most closely related to the new isolate, whereas multiple close resemblances were observed with the European and African influenza isolates, the involvement of migratory birds is expected, as was also reported earlier (Moon et al., 2010) .
Molecular Characterization
The nucleotide sequence analysis corresponding to the HA1/HA2 junction of the H3N1 virus revealed no polybasic cleavage motif (PEKQTRGLF), and the intravenous pathogenicity index was 0.01, so the isolate was characterized as an LPAI virus. The conserved residues at positions 226 and 228 within the binding pocket are known to determine host range specificity (Rogers et al., 1983; Vines et al., 1998) . In this regard, the HA gene of H3N1 possessed α2, 3 linkages by retaining Q226 and G228. In addition, the HA gene also possessed 5 conserved amino acid residues, Tyr(Y)-98, Ser(S)-136, Trp(W)-153, His(H)-183, and Tyr(Y)-195 at the hemagglutinin receptor binding site, which have been described previously by Skehel and Wiley (2000) . The HA gene of Pakistani H3N1 possessed 6 N-linked glycosylation sites at amino acid positions 8, 22, 38, 165, 285, and 483 ; and the NA gene possessed 7 glycosylation sites at amino acid positions 50, 58, 63, 68, 88, 146, and 235 .
The length of the NA stalk affects the host range of influenza A viruses (Castrucci and Kawaoka, 1993) . A full-length NA stalk was observed in the Pakistani H3N1 influenza virus, whereas a deletion of 20 amino acids was observed in the NA gene of highly pathogenic Pakistani H5N1 viruses isolated from wild birds and poultry populations during 2006 to 2008 (N. Siddique, K. Naeem, A. Ahmed, M. A. Abbass, and S. A. Malik National Reference Lab for Poultry Diseases, National Agricultural Research Centre Islamabad Pakistan. Department of Biochemistry, Quaid-e-Azam University Islamabad, Pakistan, unpublished data). This indicated that H3N1 was newly introduced to Pakistan, and its N1 gene showed the highest nucleotide sequence homology with the Indian H11N1 (Table 1) . Moreover, comparison with the Pakistani H5N1 showed 85.3 to 94.1% sequence homology to H3N1, which was less as compared with other closely related Eurasian AIV strains (Supplemental Table S3 ; available online at http:// ps.fass.org/content/vol91/issue1). The Pakistani H3N1 retained His-275 in the NA gene, and 26L, 27V, 30A, 31S, and 34G in the M2 gene. These residues retained sensitivities to drugs, such as oseltamivir, zanamivir, and amantadine. (Abed et al., 2005; Ilyushina et al., 2009 ). The E627K substitution in the PB2 protein described previously by Subbarao et al. (1993) was absent from Pakistani H3N1. The 5 amino acid deletion (80-84) previously described by Seo et al. (2002) was absent in the NS gene, whereas the ESEV PDZ domain possessed by the majority of avian strains (Krug, 2006) was retained by the NS gene of Pakistani H3N1 (Table  2) .
In comparison with various influenza A strains used for analysis here, some point mutations were observed in the Pakistani H3N1 strain (Table 2) : HA gene D275E (H3 numbering), N355S, and T466I; NA gene F230L; NP gene I120V and A183T; PA gene and 3 substitutions in the PB2 region R8K, E191D, and A674V. In addition, the HA gene also possessed a G124S substitution that was present in the human H3N2 from California and Thailand, the equine H3N8 from Jilin, and the swine H3N1 isolates. Pakistani H3N1 also possessed some substitutions in the internal genes common to previously reported Pakistani AIV. Among these mutations, K262R in the PA gene and V113I in the PB1 gene were common to the Pakistani H7N3 and HP H5N1 viruses, respectively. The PB1 gene also possessed V200I substitution, which was present in H3N1 and H5N2 swine isolates from Korea. The sharing of these substitutions with swine, human, and previously reported Pakistani strains, and the emergence as well as adaptation of H3N1 in domestic chicken populations, raises great concerns and requires more studies to understand the risk posed by reassortant influenza viruses circulating in birds today. Species-specific residues, described by Chen et al. (2006) , were all avian-specific in the new isolate, except I28V in M2 and L107F in NS2 proteins, which were human-specific residues.
The close resemblance of the Pakistani H3N1 to the European and Asian avian influenza strains indicated the possible role of migratory birds in the introduction of AIV H3N1 into Pakistan. The geographical proximity of Pakistan to China, India, Russia, and Afghani- stan may allow the introduction of new influenza virus genes into this region by the movement of various migratory birds, and through cross-border poultry trade. This viewpoint is further strengthened in this study by the close resemblance between 3 genes of NA, PB1,and NS of H3N1 with the isolate A/aquatic bird/India/ NIV-17095/07(H11N1) (Supplemental Table S3 ; available online at http://ps.fass.org/content/vol91/issue1). Moreover, the traditional farming and live bird markets are considered an important source for the transmission of these AIV from the natural reservoirs of wild birds to domestic poultry. Trading in live bird market systems in Pakistan can allow birds of different species and unknown health statuses to share a limited space in a cage system. Most of the earlier outbreaks of AIV H5N1and H7N3 in Pakistan started from the northern mountainous areas, where a high risk for new virus to be introduced exists because of the presence of various birding sites and water reservoirs. These are regular visiting sites for the migratory birds coming from Europe and central Asian states each year. The role of pigs is important in the maintenance of the H3 AIV gene pool. Some of the H3N2 viruses isolated from pigs in China and Europe were found to possess most of the genes from avian origins (Kida et al., 1988; Campitelli et al., 1997) . The H3 viruses that were earlier isolated from Canada and the Americas were reported to be reassortants of avian, human, and circulating swine influenza viruses (Karasin et al., 2004; Lekcharoensuk et al., 2006) . However, this new Pakistani H3N1 strain showed less nucleotide sequence homology (72.8-88%) with swine H3N1 viruses during our phylogenetic analysis.
The influenza viruses from water fowl were reported to have reassorted with existing human influenza viruses, generating the 1957 and 1968 pandemic human influenza viruses (Murphy and Webster, 1996) . In contrast, the Pakistani H3N1, which was avian in origin, showed less sequence identity (72.8-87%) with the H3N2 and H1N1 human isolates used in this analysis. The possession of α2, 3 linkages by H3N1 indicate that, without any additional mutation, this Pakistani H3N1 strain has a smaller chance for efficient human transfer. However, the role of host-cell receptors does not appear to be critical. Receptor specificity for avian viruses (by retaining α2, 3) does not necessarily restrict avian to human transmission (Matrosovich et al., 1999) ; this finding is also supported by previously reported direct transmissions of H5N1, H9N2, and H7N7 to humans (Kurtz et al., 1996) . These studies also indicated that the interspecies transmission of an influenza virus might not necessarily require an intermediate host. In this regard, the isolation of the reassortant H3N1 strain from Pakistan is important, and the chance for reassortant strains to cross a species barrier by persisting and maintaining the gene pool in domestic poultry cannot be ignored. Moreover, some earlier work indicated that pathogenicity of certain avian H3 influenza viruses was altered due to reassortment in chickens, resulting in the expansion of their host range to include mammals and chickens (Song et al., 2008) . The isolation of reassortant low-pathogenic H3N1 from domestic poultry and seroprevalence recorded against this serotype in the poultry population of different ecological zones of Pakistan is noteworthy, and they clearly indicate the role of chickens in maintaining the circulation of LPAI viruses in these regions.
In Korea, the novel H3N2 viruses isolated from the field were reassortants between the serotype H9N2 from chicken populations, and serotype H3N8 from wild bird populations from southeastern China and Japan (Choi et al., 2005) . However, despite the fact that serotype H9N2 is endemic in Pakistan as of 1999, and the last outbreak of H7N3 was recorded in July 2005, no re- Table S3 ; available online at http://ps.fass.org/content/vol91/issue1). Unlike the highly pathogenic AIV strains, these new low-pathogenic viruses have been detected sporadically and appear to be confined to the poultry species from which they were originally isolated. However, the previous experience of H9N2 isolation from domestic chickens in Asia (its establishment as stable lineages of influenza virus strains in chickens (Guan et al., 1999) and its subsequent transmission to humans) suggested that the role of domestic chickens in the ecology of influenza viruses may be imparitive (Peiris et al., 2001 ). On similar lines, the isolation of this new low-pathogenic H3N1 from domestic poultry is noteworthy, and circulation of such low-pathogenic influenza viruses in domestic poultry may demand a continuous monitoring of their circulation and mutation among the affected population in order to avoid a sudden emergence of a fatal AIV mutant.
Conclusion
The first isolation of LPAI H3N1 from domestic chickens in Pakistan, and its molecular characterization, revealed that this virus was a new introduction with a combination of influenza virus gene segments, involving the reassortment of European and Asian strains. Isolation of this genetic reassortant virus is an indication of the persistence of influenza virus variants in wild birds and their continuous transmission to the domestic poultry through close contact. This emergence and transmission of low-pathogenic H3N1 to domestic poultry, and its widespread distribution among commercial and domestic poultry populations is noteworthy and requires continuous monitoring to better understand its interspecies transmission and subsequent mutations. Moreover, the close similarity of its genes with the European AIV strains and the Indian AIV H11N1 strain, plus the smaller sequence homology with the previously circulating Pakistani AIV, suggest that the Pakistani H3N1 is a new introduction of reassortant, likely through the migratory bird species. Further related studies and continued monitoring of the circulating H3N1 virus may help to better understand the importance of domestic chickens as primary intermediate hosts in the ecology of influenza viruses.
